L-Galactose (L-Gal) is one of the components of plant cell wall polysaccharides. In the GDP-L-fucose-deficient Arabidopsis thaliana mutant mur1, Lfucose (L-Fuc) residues in xyloglucan are substituted by L-Gal residues. L-Gal only differs from L-Fuc by the presence of an oxygen at C-6. Thus, we hypothesized that the A. thaliana xyloglucan a1,2-L-fucosyltransferase (AtFUT1) is also responsible for the L-galactosyl transfer to D-galactose residues in xyloglucan. In this study, we heterologously produced AtFUT1 in fission yeast and carried out an in vitro assay for the activities of AtFUT1 on GDP-L-Gal and xyloglucan oligosaccharide. We show that the recombinant AtFUT1 catalyzes L-Gal transfer to xyloglucan oligosaccharides although the initial velocity of L-Gal transfer is 3.1 times lower than that of L-Fuc transfer.
L-Galactose (L-Gal), which is a structural analog of L-fucose (6-deoxy-L-Gal: L-Fuc), has been detected in various glycoconjugates, such as marine octocoral saponin [1] , plant N-glycan [2, 3] , and plant cell wall polysaccharides [4, 5] . Such L-Gal residues are considered to be transferred from GDP-L-Gal by the action of L-galactosyltransferase. In plants, GDP-L-Gal is synthesized by epimerization of GDP-D-mannose (GDP-D-Man) via GDP-Man-3 0 ,5 0 -epimerase (GME) [6] [7] [8] . In particular, the decrease in L-Gal content in the pectic polysaccharide rhamnogalacturonan II (RG-II) via down-regulation of GME gene expression in tomatoes has been reported to reduce the dimerization of RG-II and induce the growth defects [9] . Moreover, the substitutions of L-Fuc with L-Gal were detected in the N-glycan and plant cell wall polysaccharides in mur1, a GDP-L-Fuc-deficient Arabidopsis thaliana mutant. Recently, we have found that the A. thaliana N-glycan core a1,3-L-fucosyltransferase (At1g71990) has not only L-fucosyltransferase but also L-galactosyltransferase activity [3] . Moreover, human a-L-fucosyltransferase was reported to show L-galactosyltransferase activity to produce L-galactosylated Lewis epitope structures [10, 11] .
Xyloglucan is the most abundant hemicellulose in the primary plant cell wall of all vascular plants and consists of a b1,4-glucose (b1,4-Glc) chain decorated with a-linked xylose (a-Xyl) residues at the O-6 positions [12] . In Arabidopsis, Xyl residues can be modified by D-Gal, or L-Fuca1,2-D-Gal disaccharide via b1,2-linkages [13] . The patterns of the side chain structure are described using a single-letter nomenclature such as XLLG or XXFG, where X denotes Xyla1,6Glc; L, D-Galb1,2Xyla1,6Glc; F, L-Fuca1,2-D-Galb1,2Xyla1,6-Glc; and G, unsubstituted Glc [1] [2] [3] 14] . Zablackis et al. found that the xyloglucans from the A. thaliana mur1 mutant lacked the L-Fuc residue on their nonreducing terminal. Moreover, L-Gal residues were attached to 17.5% of xyloglucan oligosaccharide components [4] .
The A. thaliana xyloglucan a1,2-L-fucosyltransferase (At2g03220: AtFUT1) transfers L-Fuc from GDP-LFuc onto the D-Gal residue of the nonreducing terminal of the XLLG or XXLG structure [15] [16] [17] . Previous results for the mur2 mutant, which is a knockout mutant strain of AtFUT1, suggested that AtFUT1 is also involved in L-galactosylated xyloglucan synthesis in vivo [17] . Although AtFUT1 has been assumed to be responsible for the L-galactosylation of xyloglucan, no direct biochemical evidence of L-galactosyltransferase activity of AtFUT1 on xyloglucan has been reported, due to the lack of commercially available GDP-L-Gal as a donor substrate [2] . To overcome this difficulty, we have recently developed an effective enzymatic system for synthesis of GDP-L-Gal using bacterial L-fucokinase/GDP-L-fucose pyrophosphorylase in a semipreparative scale [18] . In this study, we performed an in vitro assay of AtFUT1 using GDP-LGal. In addition, we examined initial velocities of AtFUT1 toward GDP-L-Fuc and GDP-L-Gal on xyloglucan acceptor substrates.
Materials and methods

Plasmid construction
The full-length of AtFUT1 gene (At2g03220) was amplified by KOD-Plus Neo DNA polymerase (TOYOBO, Osaka, Japan) from A. thaliana cDNA using the following primer set: forward, 5 0 -GGGCATATGGATCAGAATTCGTA-
(underlining indicates the Nde I and Apa I sites in the forward and reverse primers respectively). The PCR product was cloned into a pGEM Ò -T Easy vector (Promega, Madison, WI, USA) to yield the plasmid pGEM-T Easy-FUT1-NA. pGEM-T Easy-FUT1-NA was digested with Nde I and Apa I. The target DNA fragment was isolated from agarose gel using a Gel/PCR TM DNA Isolation System (Viogene, Taipei, Taiwan). The recovered DNA fragment was subcloned into the Nde I and Apa I sites of pREP1-MycHis to yield the plasmid pREP1-AtFUT1-MycHis.
Preparation of crude soluble protein for enzymatic assay
We used the Schizosaccharomyces pombe strain ARC039 (h À leu1-32 ura4-C190T) as a recombinant AtFUT1 protein production host. ARC039 was grown in a standard rich medium YES and a synthetic minimal medium (MM) for S. pombe [19] . S. pombe cells were transformed by the lithium acetate method [20] and selected on an MM-leu agar plate supplemented with 15 lM thiamine at 30°C [21] . The transformant was cultivated in 100 mL of MM-leu supplemented with 15 lM thiamine at 30°C for 36 h and harvested. After washing twice with 100 mL of MM-leu, the harvested cells were resuspended in 100 mL of MM-leu and cultivated at 30°C for 20 h. The cultivated cells were harvested by centrifugation at 3000 g for 5 min and then washed with ice-cold 100 mM HEPESNaOH, pH 7.0. The cells were lysed with glass beads by vortexing for 30 s and then holding on ice for 30 s for a total of 7.5 min in a cell disruption buffer composed of 100 mM HEPES-NaOH, pH 7.0, 1 mM phenylmethylsulfonyl fluoride, 2 mM ethylenediaminetetraacetic acid (EDTA), and complete EDTA-free protease inhibitor cocktail (Roche, Mannheim, Germany). Glass beads and large cell debris were removed by centrifugation at 8000 g for 20 min, and the resultant supernatant was further centrifuged at 100 000 g for 1 h. The precipitate was resuspended in 300 lL of the cell disruption buffer and Triton X-100 (Sigma, St. Louis, MO, USA) was added to a final concentration of 0.1% (v/v). The precipitate suspension was incubated 30 min on ice, and used as the permeabilized enzyme solution.
Preparation of pyridylaminated xyloglucan oligosaccharides
The xyloglucan XLLG nonasaccharide was purchased from TCI (Tokyo, Japan). XXLG and XLLGXLLG were prepared from the xyloglucan from tamarind seeds (Megazyme, Bray, Ireland) as described previously [18] . Briefly, xyloglucan (5 mg) was dissolved in 1 mL of 10 mM formic acid-ammonium, pH 4.8 and digested with 0.1 UÁmL À1 of cellulase from Trichoderma reesei ATCC26921 (Sigma) at 37°C for 1 h. The digest was centrifuged at 5000 g for 40 min, and the supernatant was applied onto the 200 lL of DEAE Sephadex A-25 resin (GE Healthcare, Piscataway, NJ, USA), and then washed with 2 mL of 10 mM ammonium formate buffer, pH 4.8. The flow-through and washed fractions were concentrated and applied to a TSK gel HW-40F column (1.6 cm 9 60 cm; Tosoh Corp., Tokyo, Japan) equilibrated with 0.3 M aqueous ammonia. The oligosaccharide content in each chromatographic fraction (4 mL) was determined by the phenol-sulfuric acid method [22] . Fractions containing oligosaccharides were pooled, concentrated and lyophilized. The reducing ends of the oligosaccharides were then labeled with 2-aminopyridine (PA) as described elsewhere [23] . The PA-labeled xyloglucan oligosaccharides were purified by normal-phase (NP) HPLC as described below.
Normal-phase-HPLC
Normal-phase-HPLC was carried out using an Asahipak NH2P-50 4E column (4.6 9 250 mm; Showa Denko, 
Enzyme assay of AtFUT1
The enzyme reaction catalyzed by AtFUT1 was performed in 100 lL of a standard assay mixture containing 75 mM HEPES-NaOH, pH 7.0, 1 mM GDP-L-Fuc or GDP-L-Gal, 1 mM XLLG, and 20 lL of permeabilized enzyme solution at 25°C for 24 h. The reaction was terminated by boiling for 3 min, after which the reaction mixture was centrifuged to remove the insoluble precipitates. The AtFUT1 products were solid-phase-extracted using a Sep-Pak C18 cartridge (Waters, Milford, MA, USA). The cartridge was conditioned with methanol and equilibrated with Milli-Q water (Millipore, Milford, MA, USA). The AtFUT1 products in the supernatant was loaded into the cartridge and eluted by Milli-Q water. For the HPLC analysis, the eluted sample from the cartridge was further purified by a cation exchanger, Dowex 50 (H + form) (Wako, Osaka, Japan), for desalting. Dowex 50 (H + form) was suspended in the eluted sample solution until reaching pH 2.0 or less. The slurry was washed with a 5-column volume of Milli-Q water, and the flow-through fraction was lyophilized. The lyophilized sample was labeled with PA [23] and analyzed by NP-HPLC.
Monosaccharide component analysis
Monosaccharide component analysis of the xyloglucan oligosaccharides was conducted essentially as reported previously [24] . The AtFUT1 products were fractionated by NP-HPLC, collected, and hydrolyzed with 4 M HCl at 100°C for 3 h. After complete removal of HCl by lyophilization, 5 pmol of ribose was added as an internal standard. The mixture was lyophilized and re-N-acetylated by incubation with 20 lL of pyridine/methanol (1/ 9, v/v) and 5 lL of acetic anhydrate. After 30-min incubation at room temperature, the lyophilized sample was pyridylaminated as described above. The PA-labeled sample was analyzed using a TSKgel Sugar-AXI column (4.6 9 150 mm; Tosoh). The isocratic eluent [acetonitrile: 0.5 M H 3 BO 3 -KOH, pH 9.0, 1 : 9 (v/v)] was used at a flow rate of 0.4 mLÁmin À1 at 65°C. The PA monosaccharides were detected by fluorescence measurement (excitation wavelength, 310 nm; emission wavelength, 380 nm).
MALDI-TOF MS
The sample purified using a Sep-Pak C18 cartridge was further purified by a modified Cotton-HILIC solid-phase extraction method [25] . The samples were applied on an MALDI target plate (MTP 384 target polished steel T F; Bruker Daltonics, Bremen, Germany) and allowed to dry. MALDI-TOF MS experiments were performed using an AutoFLEX (Bruker Daltonics). Positive ion spectra (100 summed acquisitions) were acquired by pulsed ion extraction (100 ns) with the attenuator setting at 65% offset and 20% range and a low-mass suppression setting of m/z 500.
Results
Enzyme assay of AtFUT1
The C-terminal His-tagged full-length recombinant AtFUT1 protein was expressed in S. pombe as a membrane protein and was analyzed by SDS/PAGE and immunoblotting (Fig. S1 ). The permeabilized enzyme was prepared and used as an enzyme source for the assay. For L-galactosyl transfer assay of recombinant AtFUT1, GDP-L-Gal was prepared as described previously [18] . The glycosyl transfer reactions with GDP-L-Fuc and GDP-L-Gal as donor substrates were performed for 24 h using nonlabeled XLLG oligosaccharide as the acceptor substrate. MALDI-TOF MS analysis of the reaction mixture incubated with GDP-L-Fuc and GDP-L-Gal showed m/z values of 1555.5 and 1571.5, corresponding to those of L-fucosylated and L-galactosylated XLLG respectively (Fig. 1A) . These reaction products were further analyzed by NP-HPLC after product labeling with PA (Fig. 1B) . HPLC analysis showed newly appearing peaks, designated peaks a and b. These peaks were collected and subjected to monosaccharide component analysis (Fig. 1C, Table 1 ). In the Sugar-AXI HPLC, D-and LGal coeluted and thus both Gal enantiomers are indistinguishable. The monosaccharide component ratios of peaks a and b were estimated to be Xyl : Glc : Gal : Fuc = 3 : 4 : 2 : 1 and Xyl : Glc : Gal = 3 : 4 : 3 respectively. The structures of peaks a and b were deduced to be XFLG or XLFG for peak a and XJLG or XLJG for peak b, where J denotes
respectively. These results support the hypothesis that the AtFUT1 exhibits L-galactosyltransferase activity on XLLG oligosaccharide when GDP-L-Gal is used as a substrate, in addition to the reported L-fucosyltransferase activity [15, 26] .
Characterization of AtFUT1 L-galactosyltransferase activity
The characterization of L-galactosyltransferase activity was performed using XLLG as an acceptor substrate and GDP-L-Gal as a donor substrate at 25°C for 24 h. The divalent cation-dependence was examined with MgCl 2 , CaCl 2 , MnCl 2 , ZnSO 4 , and EDTA at concentrations of 2, 5, and 10 mM in the standard reaction mixture as described above. The L-galactosyltransferase was active even in the absence of divalent cations and in the presence of EDTA. The L-galactosyltransferase activity of AtFUT1 was inhibited in the presence of Mn 2+ and Zn 2+ in a dose-dependent manner. For example, the activity was decreased by 16% in the presence of 10 mM Mn 2+ . In contrast, the additions of more than 5 mM of Mg 2+ or Ca 2+ enhanced the L-galactosyltransferase activity by 8-13%. These results were similar to the results for a1,2-L-fucosyltransferase activity in peas [16] (Fig. 2A) . The optimum pH for the L-galactosyltransferase was around 7.0-7.5 (Fig. 2B) . The highest L-galactosyltransferase activity was detected around 20-25°C, while no activity was detected above 40°C (Fig. 2C) . The initial velocities of AtFUT1 with XLLG toward GDP-L-Fuc and GDP-L-Gal were 5.75 and 1.86 nMÁs À1 respectively (Fig. 2D ).
Substrate specificity of AtFUT1
To examined the acceptor specificity of AtFUT1 L-galactosyltransferase activity, and in particular, its dependence on the size of xyloglucan oligosaccharides, mono-D-galactosylated xyloglucan oligosaccharide-PA (namely XXLG-PA), and xyloglucan oligosaccharide carrying two repeated XLLG units (namely XLLGXLLG-PA) were prepared as acceptor substrates from tamarind seed xyloglucan as described elsewhere [18] . The structures of XXLG-PA and XLLGXLLG-PA were then characterized by NP-HPLC and MALDI-TOF MS (Fig. S2A) . The mono-D-galactosylated xyloglucan oligosaccharide-PA is assumed to be XXLG-PA based on the reported xyloglucan structures from tamarind seeds [27] . AtFUT1 L-galactosyltransferase reactions were performed at 25°C for 9 h and analyzed by NP-HPLC. HPLC analysis of the reaction with XLLGXLLG-PA showed a new peak, designated peak c (Fig. 3B) , which was linearly increased in a time-dependent manner up to a reaction time of at least 9 h (Data not shown). However, no L-galactosyltransferase activities were detected toward XLLG-PA and XXLG-PA (Fig. 3A) . Peak c was collected and further analyzed by MALDI-TOF MS. MS analysis showed an m/z value of 2999.3 corresponding to that of mono-L-galactosylated XLLGXLLG-PA (Fig. 3C) . Moreover, the initial transfer velocity toward XLLGXLLG-PA was measured and determined to be 36.1 nMÁs À1 , which was 7.4 times higher than that to nonlabeled XLLG.
Discussion
The initial velocity of L-galactosyltransferase activity was 32% of that of L-fucosyltransferase activity. The composition of L-galactosylated xyloglucan subunit oligosaccharides in the Atmur1 mutant was approximately 34% less than that of L-fucosylated xyloglucan subunit oligosaccharides [4] . This may reflect the difference in the initial velocities of AtFUT1 and the less abundance of GDP-L-Gal in the Atmur1 mutant than that of GDP-L-Fuc in the wild-type. In addition, Lgalactosylated xyloglucans were described as being totally abolished in the mur1mur2 mutant, which is a double-knockout mutant of the genes responsible for the GDP-L-Fuc de novo pathway and xyloglucan L-Fuc transfer [17] . Taken these results together, it is concluded that the AtFUT1 is responsible for the L-Gal transfer onto xyloglucan in plants.
In this study, the effects of divalent cations were analyzed, and Mn 2+ was found to inhibit the L-galactosyltransferase activity of AtFUT1 as described for the L-fucosyltransferase activity of the Pisum sativum FUT1 enzyme [28] . The crystallographic observation of AtFUT1 revealed that it can be classified as a GT-B enzyme and that the GDP moiety is coordinated with AtFUT1 by water-mediated contacts, not by divalent cations as with a GT-A enzyme, which requires divalent cations for donor substrate interaction [26, 29] . Mn 2+ is known to coordinate with the phosphodiester bonds of ADP and ATP [30] . Based on that fact, the binding of the AtFUT1 and GDP-LGal may be inhibited by the coordination of Mn 2+ with GDP-L-Gal, resulting in the decrease in the L-galactosyltransferase activity of AtFUT1.
In the substrate specificity analysis, AtFUT1 showed no activity toward XLLG-PA or XXLG-PA with GDP-L-Gal. On the other hand, AtFUT1 showed Lgalactosyltransferase activity toward nonlabeled XLLG and XLLGXLLG-PA. The glucopyranose ring at the reducing end of XLLG-PA is opened due to PA labeling, which might interfere with the recognition of the XLLG moiety and prevent the L-galactosyl transfer to XLLG-PA by the AtFUT1 enzyme. This may also be the reason why only mono-L-galactosylated XLLGXLLG-PA was detected, and the nonreducing end-portion of the XLLG unit in XLLGXLLG-PA was likely L-galactosylated. Moreover, AtFUT1 showed the faster initial velocity of L-galactosylation toward the longer XLLGXLLG-PA oligosaccharides than to the shorter, nonlabeled XLLG oligosaccharide, as is also the case with L-fucosylation [15, 16] , indicating that AtFUT1 recognizes not only the single XLLG unit but also at least 2 repeated XLLG units. The tertiary structure of the acceptor-binding site recognizing the reducing-end Glc residue in XLLG oligosaccharide is not fully available. Further investigations on the crystal structure of AtFUT1 in complex with XLLGXLLG and GDP-L-Gal will provide a finer picture of the L-galactosylation molecular mechanism.
In this study, we demonstrate that AtFUT1 exhibits in vitro L-galactosyltransferase activity toward xyloglucan oligosaccharides when GDP-L-Gal is used as a substrate instead of GDP-L-Fuc. To confirm the activity of AtFUT1 as the enzyme of L-Gal transfer in vivo, it is necessary to analyze the detailed xyloglucan structure of the mur2 mutant. Also, based on this study, AtFUT1 may transfer other L-Fuc analogs, including chemically synthesized sugar residues. However, AtFUT1 was shown not to accept one of the L-Fuc analogs, 6-O-alkynylated L-Fuc, by a metabolic labeling experiment [31] . To explore the potential of AtFUT1 for novel xyloglucan oligosaccharide productions, an enzyme assay using these L-Fuc analogs would be necessary. 
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